**Research Highlights**

\(1\) With the aid of a CT-guided stereotactic apparatus, electrode needles were inserted into the center of lioma tumors, and the heat exposure of peripheral tissue was maintained at temperatures of ≤43°C.

\(2\) The blood-brain barrier within and surrounding the tumor was completely destroyed after hyper-thermia treatment, and chemotherapy drugs could then reach and target the tumor.

\(3\) It was found that hyperthermia and radiotherapy could contribute synergistically to the treatment of brain glioma.

INTRODUCTION {#sec1-1}
============

Malignant brain tumors, such as glioblastoma and anaplastic astrocytoma, are regarded as challenges for neurosurgeons\[[@ref1]\]. Glioma accounts for 25--33% of all brain tumors. Malignant glioma usually relapses very quickly after surgery\[[@ref2]\]. Patients with grade IV glioma generally relapse within 3 months after surgery and tumor size can return to pre-surgery size by 6 months after surgery\[[@ref3]\]. Without treatment, malignant glioma patients only survive for an average of 17 weeks, and life span can be prolonged to 30 weeks after surgery and chemotherapy. Patients with recurrent malignant glioma repeatedly receive craniotomy at short time intervals, which is not only a severe physical burden but also a heavy economic cost for both family and society\[[@ref4]\]. Therefore, clinicians urgently need a new treatment that has a low impact on patients and can be repeated multiple times at low cost.

Radio frequency ablation treatment is a sub-stantive tumor therapy. It is currently used to treat cancers of the liver, lung, and head and neck, and is now widely applied by clinicians. The treatment of malignant brain tumors is a challenge for neurosurgeons, especially recurrent malignant glioma that can grow rapidly after surgery. Surgical, radiotherapy and chemotherapy treatments for malignant brain tumors are unsatisfactory; thus it is an urgent clinical requirement to find a new therapeutic approach. Malignant glioma is very sensitive to heat. Therefore, malignant brain tumor heat treatment could potentially be used as a new modality. Perovskite-based tumor heat treatment has achieved good therapeutic efficacy in malignant glioma patients. Radiotherapy and chemotherapy have proved to be suboptimal modalities in the treatment of malignant brain tumors. Hyperthermia treatment has received increasing attention from clinicians as a new alternative treatment\[[@ref5][@ref6][@ref7]\]. In this study, we used a brain tumor hyperthermia apparatus to treat malignant glioma patients, and subsequently performed medical imaging examinations to observe efficacy. The results of treatment are as follows.

RESULTS {#sec1-2}
=======

Quantitative analysis of participants {#sec2-1}
-------------------------------------

Thirty malignant glioma patients (primary and recurrent) were included in the study and were randomly divided into control and hyperthermia groups, with 15 patients in each group. Patients in the hyperthermia group (patients with grade III--IV primary glioma did not receive concurrent chemotherapy and radiotherapy, while recurrent glioma patients underwent radiotherapy and chemotherapy) received hyperthermia. Patients in the control group received radiotherapy and chemotherapy but not hyperthermia. All 30 patients were involved in the final analysis.

Patient baseline data {#sec2-2}
---------------------

The baseline information for the 30 patients enrolled in the study is detailed in [Table 1](#T1){ref-type="table"}. There were no significant differences regarding gender, age, tumor type and tumor diameter, between the control and hyperthermia groups (*P* \> 0.05; [Table 2](#T2){ref-type="table"}).

###### 

Baseline information for malignant glioma patients
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###### 

Comparison of baseline information for malignant glioma patients between the control and hyperthermia groups
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Effects of hyperthermia {#sec2-3}
-----------------------

Patients in the two groups underwent head CT or MRI examination at 3 months after treatment to monitor changes in tumor size. In patients in the control group, tumor growth was very rapid, there was no significant necrosis in the center of the tumor, and symptoms of intracranial hypertension were apparent. In patients in the hyperthermia group, tumor growth slowed or stopped and the tumor had low density. The heated centers of 80% of the tumors presented with necrosis, intracranial hypertension symptoms were improved and life expectancy was prolonged. Thus, the results indicated that hyperthermia was effective in the treatment of malignant glioma.

Patients in the two groups also underwent head CT or MRI examination before and after hyperthermia treatment to measure tumor diameter. There was no significant difference in tumor diameter between the control and hyperthermia groups before treatment; at 3 months after treatment, tumor diameter in the hyperthermia group was significantly smaller than that in the control group (*P* \< 0.01; [Table 3](#T3){ref-type="table"}).

###### 

Effects of hyperthermia on the tumor diameter (cm) in malignant glioma patients
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Analysis of representative cases {#sec2-4}
--------------------------------

Case 1 was a 24-year-old man (No. 21 in [Table 1](#T1){ref-type="table"}). He received hyperthermia treatment on December 26, 2007, and remained in good health during a long-term follow-up period. He died suddenly of grand mal epilepsy at 20 months after treatment. [Figure 1](#F1){ref-type="fig"} shows the changes in the CT and MRI images before and after treatment.

![A 24-year-old man with grade III recurrent glioma.\
(A, B) Brain tumor showing an irregular enhancing signal shadow (arrows) on CT before treatment.\
(C, D) CT scan showing internal liquefaction and tumor necrosis (arrows) in low-density images at 7 days after hyperthermia (hyperthermia + radiotherapy + chemotherapy).\
(E, F) MRI scan showing increased tumor necrosis (arrows) and surrounding tissue with no obvious enhancement at 12 months after hyperthermia.](NRR-8-2775-g004){#F1}

Case 2 was a 28-year-old man (No. 26 in [Table 1](#T1){ref-type="table"}) who experienced the recurrence of astrocytoma after surgical removal and radiotherapy in 2002. He experienced headache and nausea in 2009, and underwent hyperthermia treatment in the same year. The patient remained healthy during an 18-month follow-up period. [Figure 2](#F2){ref-type="fig"} shows changes in the CT and MRI images before and after treatment.

![A 28-year-old man with grade III recurrent astrocytoma.\
(A, B) A tumor located in the contralateral frontal with an irregular mass shadow and unclear boundaries (arrows) on CT before treatment.\
(C, D) A CT scan at 3 months after hyperthermia (hyperthermia + radiotherapy + chemotherapy), showing that stereotactic radiosurgery had targeted the tumor (arrows).\
(E, F) An MRI scan at 18 months after hyperthermia showing that the tumor signals and pressure on the brain ventricles had disappeared (arrows).](NRR-8-2775-g005){#F2}

Side effects {#sec2-5}
------------

Adverse reactions including early induced hemorrhage and infection may aggravate cerebral edema a short time after treatment. There were no significant differences between the two groups in terms of side effects.

DISCUSSION {#sec1-3}
==========

The survival rate of patients with malignant glioma remains disappointing. In two decades, conventional methods of treatment for this disease have failed to control tumor progression\[[@ref8][@ref9]\]. In basic and clinical research studies a new treatment modality, hyperthermia, has shown remarkable effectiveness in killing neoplastic cells. Primary glioma patients account for about one third of all brain tumors, and there are also many recurrent patients. Selecting patients for clinical trial is easy.

The effects of hyperthermia on malignant glioma can be determined in a few days or weeks after treatment. Recently, great clinical progress has been made in the treatment of liver and lung cancer using hyperthermia, but evidence regarding its efficacy in the treatment of malignant glioma is lacking\[[@ref10][@ref11][@ref12][@ref13]\]. Hyperthermia and radio frequency ablation are two different treatments. Hyperthermia treatment mainly involves application with radiotherapy and chemotherapy as an auxiliary modality. Radio frequency ablation treatment can be used alone and is targeted at certain substantive tumors, such as those occurring in the liver and lung; it is estimated that tens of thousands of liver cancer patients receive radio frequency therapy every year. However, radio frequency ablation therapy for brain tumors has seldom been reported.

The superiority of hyperthermia {#sec2-6}
-------------------------------

\(1\) Both animal and cellular studies have proved that tumor cells are more sensitive to heat than normal cells. The center of the tumor is a hypoxic low nutritional environment. Because of active glycolysis in tumor cells, the center of the lesion has an acidic pH and is easily influenced by temperature. As compared with normal vascular structures, tumor blood vessels have a rough structure and no nerves, which make them more sensitive to temperature.

\(2\) Hyperthermia is a safe treatment involving a low power, slow heating process and minimal damage to surrounding normal tissue. It also results in little discomfort to the patient. The treatment efficacy of hyperthermia is superior to that of laser, freezing and tumor immunotherapy\[[@ref14]\].

\(3\) The center of tumors can be heated to a temperature ≥ 43°C. However, there are normal neurons located around the periphery of the tumor, so the temperature in this region should be maintained at ≤ 43°C to avoid side effects\[[@ref15]\].

\(4\) The blood-brain barrier around the tumor can be destroyed by heat, thus facilitating tumor targeting by chemotherapy reagents. Hyperthermia can increase treatment efficacy, and reduce the concentration and side effects of chemotherapy reagents\[[@ref16]\].

\(5\) Heat can prevent DNA and RNA synthesis in tumor cells and cause protein denaturation, thereby preventing tumor cell division\[[@ref17]\].

\(6\) Heat can block tumor cell respiration, decrease oxygen consumption and reduce the pH in the extracellular environment, thus inhibiting cell proliferation\[[@ref18]\].

\(7\) Heat can enhance the activity of cellular lysosomes and promote lysozyme function which damages mitochondria, the Golgi apparatus and other organelles, leading to tumor cell destruction\[[@ref19]\].

Hyperthermia treatment for malignant brain tumors utilizes a CT scan assisted stereotactic apparatus to insert the electrode needle into the center of tumors. Two electrode needles can be placed together. In the present study, thermometry catheters, which are fine soft tubes, were inserted around the tumor periphery. The positions of the electrode needles were adjusted using a pre-operation simulated temperature distribution model. Temperature was monitored constantly with the temperature around tumor periphery kept around 42--43°C. Stereotactic surgery is simple, convenient and minimally invasive, with short surgery time and can be performed under local anesthesia. Hyperthermia was carried out in the ward. Patients experience no heat, pain or headaches. The treatment rarely has complications and can be completed within 1 hour. One advantage of hyperthermia is its minimal invasiveness; it can be carried out with no complications on inoperable patients with systemic failure, on elderly patients with poor cardiopulmonary function, and on patients with tumors in functional areas of the cerebral cortex in which surgery can lead to disability. In the current study, the survival rate of glioma patients was not the main outcome measure. We aimed to observe changes in tumor size before and after treatment. After treatment, the glioma signal shadow increased, but the tumor became necrotic and showed low signal intensity; this indicated that radio frequency heat treatment was effective.

Cases suitable for hyperthermia {#sec2-7}
-------------------------------

Cases suitable for hyperthermia treatment include the following. (1) Malignant astrocytoma (astroblastoma), glioblastoma, other malignant brain tumors and brain metastases. (2) Recurrent malignant brain tumors. (3) Elderly patients with poor cardiopulmonary function who are unsuitable for multiple surgeries\[[@ref20]\]. (4) Patients that have already received radiotherapy and chemotherapy\[[@ref21]\]. (5) Patients with tumor located in deep brain areas who are unsuitable for surgery\[[@ref22]\]. (6) Tumors located in brain functional areas. (7) Fast-recurrent tumors that are unsuitable for surgery, and tumors with a diameter ≥ 3 cm that are unsuitable for γ-knife treatment. (8) Patients with poor economic circumstances.

Cases unsuitable for hyperthermia {#sec2-8}
---------------------------------

Benign brain tumor is not sensitive to heat; thus hyperthermia usually has poor treatment efficacy.

Characteristics of the brain tumor hyperthermia apparatus {#sec2-9}
---------------------------------------------------------

The hyperthermia apparatus is a new advanced instrument with a frequency of 13.56 MHz, which has been designed specifically for the treatment of malignant brain tumors. The device is simple to operate and has both an artificial intelligent control and a manual control. It also has a security control circuit and an electromagnetic shield, which makes the instrument more stable\[[@ref23]\]. Using an amplified sine wave to heat local brain tissue, the hyperthermia apparatus can destroy diseased tissue or change the architecture of the local tissue to accomplish treatment\[[@ref24]\].

Malignant brain tumors, such as Glioblastoma, Anaplatic astrocytoma, are challenges for neurosurgeons in the 21^st^ century. Glioma accounts for 1/3--1/4 of all brain tumors. Malignant glioma usually relapses very quickly after surgery\[[@ref25]\]. Patients with grade IV gliomas generally relapse within 3 months after surgery and tumor size can return to pre-surgery size 6 months after surgery. Recurrent patients with malignant glioma repeatedly receive craniotomy in short intervals, which can only be physically unbearable for patients, but also brings heavy economic burden to both family and society.

Combination of hyperthermia with other methods {#sec2-10}
----------------------------------------------

It is difficult for chemotherapy drugs to cross the blood-brain barrier and effectively target brain tumors; hence, brain tumor radio frequency ablation treatment is carried out. Changing from water-soluble drugs to lipophilic drugs has not satisfactory improved tumor targeting. Using CT-assisted stereotactic surgery, electrode needles that generate hyperthermia are inserted into the center of the tumor, and the temperature around the periphery of tumor is controlled in the range 42--43°C\[[@ref26]\]. Heat can completely disrupt the blood-brain barrier in the tumor, thus enhancing targeting by chemotherapy drugs\[[@ref27]\]. High concentrations of drugs help to boost the treatment efficacy of chemotherapy. In addition, hyperthermia and radiation treatment have synergistic effects\[[@ref28]\]. For example, radiation cannot kill quiescent tumor cells (G~0~ phase), while hyperthermia can kill tumor cells in all phases of the cell cycle. It has been confirmed in a large number of clinical studies that hyperthermia can be used together with radiation therapy and chemotherapy to treat cancer\[[@ref29][@ref30]\].

Prospects for application {#sec2-11}
-------------------------

Treatment of glioblastoma is a challenge for a neurosurgeon. In particular, malignant glioma, which accounts for 25--33% of brain tumors, usually relapses very quickly after surgery. For example, a grade IV glioma tumor which relapses by 3 months after surgery returns to its pre-operation size by 6 months after surgery. Recurrent patients will receive repeated craniotomy in short intervals, which places unbearable stress on the body. It also results in a heavy economic burden for the family and society. Therefore, clinicians urgently need a new treatment that has a low impact on patients and can be repeated multiple times at low cost. Hyperthermia is considered by clinicians as a promising new method to treat malignant brain tumors because radiotherapy, chemotherapy and other treatments give unsatisfactory results. With recent advances in the development of medical equipment, malignant glioma hyperthermia treatment has made remarkable progress in clinical practice, whereas immunotherapy and gene therapy remain unsatisfactory.

The Brain Research Institute of Neurosurgery and the Faculty of Engineering at Niigata University co-developed the brain tumor hyperthermia instrument. A considerable amount of basic and clinical research regarding brain glioma hyperthermia treatment has been carried out at the Brain Research Institute of Neurosurgery at Niigata University. After hyperthermia, tumors disappeared completely. The treatment delivered very satisfactory results with significantly prolonged patient survival with minimal invasiveness and less side effects. All of the studies to date have demonstrated that hyperthermia is minimally invasive, has minimal side effects, and can achieve satisfactory therapeutic results\[[@ref31][@ref32]\].

We firmly believe that as the hyperthermia instrument is improved and experience using the treatment grows, there will be a positive new chapter in the treatment of malignant glioma.

SUBJECTS AND METHODS {#sec1-4}
====================

Design {#sec2-12}
------

A clinical case-controlled study.

Time and setting {#sec2-13}
----------------

The study was performed between 2005 and 2008 in the Second Hospital of Harbin Medical University in China.

Subjects {#sec2-14}
--------

Thirty patients were recruited from the Second Hospital of Harbin Medical University in China between 2005 and 2008, who had grade III--IV primary or recurrent malignant gliomas (tumor diameter 3--7 cm) according to the WHO classification\[[@ref1]\].

Inclusion criteria: Primary malignant glioma patients (tumor diameter 3--7 cm) received no surgery, radiotherapy or chemotherapy, and their health condition deteriorated rapidly. (2) Recurrent patients (tumor diameter 3--7 cm) had tumor recurrence and rapid disease progression after surgery alone, after surgery and radiotherapy, or after surgery, radiotherapy and chemotherapy. (3) Each patient underwent CT or MRI examination once a month to monitor tumor changes.

Thirty malignant glioma patients were enrolled after being given a full explanation of the possible side effects and benefits of hyperthermia. They were selected over the same time period and randomly divided into control and hyperthermia groups. In accordance with the ethical requirements of the *Declaration of Helsinki*, patients gave informed consent prior to enrollment in the study.

Methods {#sec2-15}
-------

### Hyperthermia treatment {#sec3-1}

The brain tumor hyperthermia apparatus was provided by Toshiba Corporation (Tokyo, Japan). It consisted of a 13.56 MHz radio frequency generator and needle-shaped electrodes (radio frequency antennas). The radio frequency antennas were made from medical stainless steel, and were 12 cm in length and 1.0 mm in diameter. The electrode needle was inserted into the center of the tumor by means of stereotactic surgery. Our hyperthermia treatment utilized a CT scan assisted stereotactic apparatus to insert the electrode needle into the center of tumors. The two electrode needles could be placed together. The thermometry catheters were inserted around the tumor periphery. The positions of the electrode needles were adjusted using the pre-operation simulated temperature distribution model. Temperature was monitored constantly with the tumor periphery temperature maintained at 42--43°C for approximately 60 minutes. All of the procedures were carried out by the same physician.

### Radiotherapy and chemotherapy {#sec3-2}

Seven recurrent patients in the hyperthermia group underwent radiotherapy and chemotherapy at 2 days after hyperthermia treatment. The control group received a conventional radiotherapy and chemotherapy regimen. In brief, CT was applied to simulate the position of the tumor prior to radiotherapy and the target area was plotted based on the preoperative and postoperative brain enhanced MRI. Gross tumor volume refers to the postoperative residual tumor, and clinical target volume refers to preoperative brain enhancement. External radiotherapy was delivered with a margin of up to 1 cm from the edema area on MRI T2 phase images. The planning target volume was 1--2 cm from the clinical target volume. Using an electron linear accelerator, the planning target volume was irradiated with 6 MV X-rays at total doses of 44--46 Gy; the clinical target volume received 50--54 Gy and the gross tumor volume 60 Gy. Radiation was delivered in 2 Gy fractions once per day, 5 days per week. When external radiation began, patients were orally administered with Temozolomide (Schering-Plough Brands, Merck & Co., Whitehouse Station, NJ, USA) at a dose of 75 mg/m^2^ for 42 days; 2 weeks after the completion of radiotherapy, patients underwent sequential chemotherapy and oral administration of Temozolomide 150--200 mg/m^2^, once per day over a 1--5 day period. A single treatment period was 28 days and treatment was administered over a total of two periods.

### Clinical evaluation {#sec3-3}

To verify the effectiveness of hyperthermia in treating malignant glioma, patients received either head CT or MRI (Siemens, Munich, Germany) examinations at 3 months after treatment at monthly intervals to monitor changes in tumor size, tumor growth rate and tumor necrosis. If tumor necrosis, tumor shrinkage or slowed tumor growth was evident, this confirmed that the hyperthermia apparatus was effective in the treatment of malignant glioma; otherwise, it was considered ineffective. The standards used to evaluate the effectiveness of the hyperthermia apparatus in treating malignant glioma were as follows: (1) After hyperthermia treatment, head CT or MRI examination showed tumors with partial or full necrosis. (2) After hyperthermia treatment, head CT or MRI examination revealed that tumor growth had slowed or stopped for a few weeks to months.

### Statistical analysis {#sec3-4}

Data were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA) and data were represented as mean ± SD. Statistically significant differences in mean values between the groups were compared using the two-sample *t*-test, and *P* \< 0.05 was considered to be statistically significant.
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